Introduction
Erbium-doped glasses keep on great interest of scientific society due to their unique ability to generate light at the wavelength of 1520 -1570 nm, which corresponds to the intra-4f transition of Er 3+ from 4 I 13/2 to 4 I 15/2 [1] . This wavelength is important for a variety of applications such as telecommunications, LIDAR, spectroscopy, and bioimaging. The continuous demand in improving the existing technology encourages the development of innovative and advanced Er-based composite materials.
Silica glass has been intensively studied as a host material because of its wide wavelength range with good optical transparency, high mechanical strength against pulling and even bending as well as chemical stability. However, silica glass when doped with rare-earth (RE) ions have some limitations due to RE clustering or inappropriate RE local environment [2] . Phosphate glasses are of interest for the engineering of photonic devices due to their following properties: easy processing, good thermal stability and excellent optical characteristics, such as high transparency in the UV-Visible-Near Infrared (UV-Vis-NIR) region [3] [4] [5] [6] [7] . Phosphate glasses have been extensively investigated since these glasses can incorporate high amount of dopant (as opposed to silicate glasses) and, therefore, quenching phenomenon occurs in these glasses at very high concentrations of RE ions [7] [8] [9] . Additionally, they provide smooth and broad gain spectrum [10, 11] . Yb-Er-co-doped phosphate glasses are characterized also by reasonably high photosensitivity, what gives an opportunity to design effective DFB lasers [12] . Due to these properties, phosphate glasses have recently become appealing for optical communications [13] , laser sources as well as optical amplifiers with record values of the gain per unit [14] [15] [16] [17] and optical parametric oscillators [18] .
The main objective when developing new solid-state lasers and amplifiers is to increase the performances of the Er-doped glass such as absorption and emission cross sections, spectral shapes of the emission and absorption bands, excited state lifetimes, as well as the ion-ion interactions. It is well known that these properties are governed by the host material [1, 19] . In our previous studies, we investigated the effect of the glass composition on the physical, structural and luminescence properties of Er 3+ containing glasses in the system P 2 O 5 -SrO -Na 2 O [20] and we found that the investigated glasses possess a good thermal stability and are therefore promising for the fabrication of fiber lasers and amplifiers.
In this paper, we discuss the details of the fabrication process used to draw fibers from preforms of glasses within the P 2 O 5 -SrO -Na 2 O system. We assess the resulting thermal and structural properties of the fiber as compared to those of the parent preform and some spectroscopic properties of the fiber. The fiber exhibits super-broad luminescence over 70 nm obtained in just a few cm of fiber length. Additionally, the fiber exhibits spectral hole burning effect, when the fiber length exceeds 2 cm, and it is enhanced in longer fibers.
Experimental
A 25 g batch of glass with the composition 49P 2 O 5 -39.2SrO-9.8Na 2 O-0.5Er 2 O 3 -1.5Yb 2 O 3 (mol%) was prepared by the conventional melt-quenching technique using NaPO 3 (Alfa Aesar), SrCO 3 (Sigma-Aldrich, ≥99.9%), Er 2 O 3 (MV Laboratories Inc., 99.9%) and Yb 2 O 3 (Sigma-Aldrich, 99.9%). The Sr(PO 3 ) 2 precursor was independently prepared using SrCO 3 and (NH 4 ) 2 HPO 4 as raw materials and with a heating up to 850 °C. The 25 g batch was melted for 45 min at 1150°C and then casted in a 11 cm long graphite mold with a diameter of 1 cm, pre-heated at 300°C. After quenching, the preforms were annealed at 400°C for 10 hours to decrease the residual stress. Finally, the preforms were cooled down to room temperature.
Unclad monoindex fibers were drawn by "rod" method as described in [21] . To reduce the moisture concentration, the system was purged with Ar before drawing. The highest attention during the drawing process was applied to the thermal parameters. To avoid either nucleation or crystallization during the drawing, the temperature of the hot-zone and pre-heat zone was precisely mapped and the dwell time in these zones were controlled before and during the process. The fiber was drawn at 550 °C in He inert atmosphere. More than 150 m of uncoated (without any protective polymer layer) single core fibers with a diameter of (115 ± 1) µm were drawn at a rate of ~10 mm/min with a feed rate at 2 mm/min. Uncoated fibers were pulled for the measurement of the thermal, structural and optical properties of the fibers.
The structural composition of the fiber was examined by a scanning electron microscope (Carl Zeiss Crossbeam 540) equipped with Oxford Instruments X-MaxN 80 EDS detector.
The thermal properties of the glasses were measured by differential thermal analysis (Netszch F1 JUPITER). The glass transition temperature (T g ) and the crystallization temperatures (T x ) were recorded at a heating rate of 10 K/min. T g was taken at the inflection point of the endotherm, as obtained by taking the first derivative of the DSC curve. The onset (T x ) and the peak (T p ) crystallization temperatures were taken at the onset and the highest point of first exothermic peak, respectively. All the characteristic temperatures were obtained with an accuracy of ± 3°C.
The IR spectra were measured using a 'Perkin Elmer Spectrum one FTIR spectrometer' in Attenuated Total Reflectance (ATR) mode in mid infrared region 600-1400 cm −1 . The resolution used was 2 cm −1 and the spectra were obtained from the accumulation of 8 scans. The absorption spectrum of the fiber was measured using a stabilized broadband white light source (Thorlabs SLS201L), while the luminescence spectra were obtained under excitation of 980 nm laser diode (II-IV Laser Enterprise). The absorption and luminescence spectra were measured with resolution of 0.01 nm.
Results and discussion
As explained in [21] , a glass to be considered a suitable candidate for fiber drawing, needs to exhibit a good thermo-mechanical resistance to casting (shock, fracture) and it needs to be also stable against crystallization. This resistance to crystallization is verified by measuring the glass transition temperature, Tg and the onset of the crystallization temperature, Tx. The difference between these values, ΔT = Tx-Tg, should be as high as possible so that the glass is expected to form a fiber of good optical quality with minimal scatter loss from microcrystallites.
The thermal, structural and optical properties of the fiber were measured and compared to those of the bulk. The thermal properties of the preform and the fiber are reported in Table 1 . Table 1 . Thermal properties of the preform and of the corresponding fiber The large ΔT value confirms the reasonable thermal stability of this glass. No significant changes in the thermal properties of the glass can be observed after drawing except for the slight decrease in T g . Whereas the ΔT value of the investigated glass is low compared to that of Barium Phosphate Glasses reported between 175 and 250°C [22] and to that of tellurite glasses reported at 178°C in [23] , it is larger than 100°C confirming the reasonable thermal stability of this glass.
Within the accuracy of the measurement ( ± 1.5 at.%), the fiber composition was found to be identical to that of the preform. Figure 1 shows a SEM image of a cross-section of a fiber. As illustrated in Fig. 1 , the core is circular and concentric. No variation in the core diameter and shape has been observed when examining multiple fibers pieces. The impact of the fiber drawing on the glass structure was investigated using FTIT spectroscopy. Figure 2 presents the IR spectra of the glass prior to and after drawing. All spectra were normalized to the band with maximum intensity peaking at ~880 cm −1 . The spectra are similar to those reported in [20] . One can notice that the drawing process leads to a shift of the bands to lower wavenumber, a small increase in intensity of the band in the 700-800 cm −1 range and a decrease in intensity of the bands at 1080 and 1250 cm −1 . A complete attribution of the IR bands can be found in [20, 24] . The variation in intensity and shift of the IR bands after drawing indicates that minor change in the structure of the glass occurs during fiber drawing. The decrease in intensity of the shoulder at 980 cm −1 and of the band at 1085 cm −1 and the small shift of band positions towards lower wavenumber after fiber drawing denotes that the fiber has weaker network connectivity and probably re-orientation of the P-O-P bonds compared to that of the bulk glass. This change in the glass structure induced by the fiber drawing process is in agreement with the reduction of T g after drawing and might be due to severe quenching under the imposed drawing stress. Similar changes were observed during the drawing of tellurite glasses [23] .
The absorption cross-section of the glass bulk at 980 and 1550nm were estimated from the absorption coefficient at 8.30·10
−21 and 5.79·10 −21 cm 2 , respectively, at ± 10% [24] . The luminescence lifetime for 4 I 13/2 state of Er 3+ ions was measured as (3.47 ± 0.02) ms [24] . The potential performance of the light source based on erbium-glass material is determined by its emission and absorption properties, due to its three-level nature of their spectral shape and population inversion. Therefore, we investigate the optical properties of the fiber. The normalized absorption spectra of the fiber and the preform are presented in Fig.  3 . The spectrum exhibits several bands, which correspond to the energy transition of Er 3+ and Yb 3+ ions. Yb 3+ ions exhibit strong and sharp absorption band at a peak wavelength of 975 nm with broad absorption wing at the short wavelength side. This band is a result of energy transition between 2 F 7/2 and 2 F 5/2 energy levels. The bandwidth of the main band equals to 9.5 nm indicating poor wavelength tolerance for the pump laser. The peak absorption value at 975 nm is equal to 20 dB/cm. The broad absorption band at short wavelength side has its maximum at 950 nm and a shoulder at 928 nm. The corresponding values of absorption are 6.0 and 4.9 dB/cm. These values of absorption are weaker than at 975 nm and accounts to transitions to higher-lying sublevel in the upper manifold, which involves the emission of one or several phonons during subsequent thermalization [25] . The spectrum also contains a band centered at 1534 nm with a shoulder at 1496 nm. The signal at shorter wavelength is relatively broad and reaches the value of 2 dB/cm. In contrary the signal at 1534 nm is narrow and equals to 3.6 dB/cm. Both bands correspond to the energy transition from manifold 4 I 13/2 to 4 I 15/2 . It is evident from the figure that the absorption spectra for both the preform and the fiber are almost identical. A small shift towards the longer wavelength of the absorption bands can be observed after drawing confirming that the rare earth sites have not changed dramatically during the drawing of the fiber. The propagation losses of the fiber were estimated by the cut-back technique and do not exceed 0.2 dB/cm at 1.3 µm. The emission spectra of 1 cm long fiber were measured using a laser diode excitation at 975 nm. The obtained spectra of luminescence together with absorption spectra are presented in Fig. 4 (a) and 4(b). 1 cm of the fiber length is not long enough to absorb fully the pump light, therefore, the spectrum denotes residual pump at 975 nm wavelength. The fiber exhibits at 1000 nm and 1500 nm indicating that Yb ions play dual role in the fiber: they act as activators (emitters) but also as sensitizers. The 975 nm photon is absorbed by Yb ions leading to the transition from 2 F 7/2 ground state to the 2 F 5/2 excited state. Then there are two possible scenarios. In the first scenario, the exited Yb 3+ ions transfer, their energy to Er 3+ ions, exciting them to the 4 I 11/2 level. The Er 3+ ions go through non-radiative decay and as a result, the inverse distribution is formed between the 4 I 13/2 and 4 I 15/2 levels leading to emission at ~1534 nm wavelength range. In the second scenario, Yb ions operate as efficient sensitizer without Yb-Yb interaction, when the rate of energy transfer and the lifetime of the Er-excited state are shorter than the lifetime of the Yb-excited state. The condition is satisfied at relatively moderate launched pump power or lower according to [26] , or when the ratio of concentration of Er/Yb is above a certain threshold level experimentally obtained as ~4 [27] . In our case the Er/Yb ratio is 0.3, therefore, this condition is not satisfied. Therefore, the Ybexcited state will spontaneously decay first, resulting in parasitic luminescence in the 1000 nm wavelength range. In this scenario, the excited Yb 3+ ions go from the lowest Stark level of 2 F 5/2 manifold to sub-levels of 2 F 7/2 , and then, by means of non-radiative decay relax to the ground Stark level. This results in luminescence around 1000 nm, which is characterized by single band spectrum with central wavelength 1015 nm (Fig. 4(b) ).
The absorption and emission spectra centered at ~1534 nm are shown in Fig. 4(a) . The main band of the spectra lie within 0.4 nm of each other indicating that the same pair of Stark sublevels contributes both the emission and absorption. The emission spectrum of the fiber is composed of several bands located at 1498, 1534, 1554 nm corresponding to the electronic transitions between the Stark manifolds of the excited ( 4 I 13/2 ) and lower-lying energy levels of Er 3+ ( 4 I 15/2 ). The emission spectrum approaches 58 nm of bandwidth value, which is broad compared to silica fiber for examples (emission bandwidth of 35 nm as reported in [28] ). This broad emission is a result of inhomogeneous broadening originating from local site-to-site variation in emitting centers' surrounding field in the lattice environment as suggested in [29] .
The dependence of emission at 1000 nm and 1500 nm with pump power are presented in Fig. 4(c) . The spectra clearly show the equal and simultaneous increase in emission of both Yb and Er ions with an increase in pump power. Their amplitudes increase proportionally to the pump power until initiation of saturation whereas their line shapes and bandwidths do not change. The emission at ~1000 nm has a smaller intensity than the emission at ~1500 nm.
With the increase of pump power, the difference between the intensity of the luminescence at 1000 nm and at 1500 nm decreases reaching the minimum difference value almost equaled to 3 dB (Fig. 4(c) ). This means that the intensity of the 1000 nm luminescence raises faster with an increase in pump power that the intensity of the 1500 nm luminescence due to the domination of relaxation of Yb-excited state via spontaneous decay at higher pump rates. It should be noted that the phosphate fibers are characterized by higher phonon energy than silica glass [30] , therefore the up-conversion emission in visible wavelength range possesses low efficiency in comparison to the down-conversion emission and is not taken into account in this study. Luminescence spectra for different lengths of phosphate fiber and absorption spectrum using 125 mW pump power at 975 nm. Figure 5 shows the emission spectra of fiber with different lengths. When the fiber length increases from 1 to 7 cm, the position of the bands at ~1000 and 1534 nm shifts to higher wavenumber for the fixed pump power of 125 mW. The overall shift of peak wavelength for 1000 nm band is equal to 24 nm, while for the 1534 nm band, it exceeds 35 nm. The bandwidth of the band at 1534 nm increases from 58 nm (for 1 cm) to 70 nm (for 7 cm). One can also notice that the shape of the emission bands changes due to changes in the fiber length: for long fibers (3 and 7 cm), the bands are not anymore flat and uniform, the emission bands exhibit pronounced peaks and dips, the number of which consistently increases with fiber length. These changes in the emission spectra induced by the changes in the fiber lengths are a clear sign of spectral hole burning effect as reported in [31] . These changes are due to strong reabsorption of the peak wavelength at 974 nm by Yb 3+ ions and at 1534 nm by Er 3+ ions originated from high concentration of the rare-earth ions (1.58·10 20 cm −3 for Er and 4.75·10 20 cm −3 for Yb) and insufficient pump level to stimulate luminescence. Therefore, the spectra of the 3 and 7 cm long fiber look similar to inverted absorption spectrum (Fig. 5) . The absorption cross-sections of Yb and Er ions in the longer wavelength is low compared to emission cross sections. Therefore, reabsorption of luminescence in this region is negligible, and consequently, it results in red shift of the central wavelength peaks. The overall drop of the spectra amplitude with an increase of the fiber length relates to the leakage of the light from the fiber due to unsatisfied requirement of total internal reflection in the unclad fiber type and can be easily eliminated by drawing new structural core-clad fiber [32] .
Conclusion
We report the results on the processing and characterization of phosphate fiber drawn from the preform prepared by standard melting process. IR spectroscopy was used to identify minor structural modification induced by the fiber drawing. These changes were attributed to modification to the bulk glass' thermal history upon drawing; the fiber is suspected to have a weaker network connectivity and probably re-orientation of the P-O-P bonds compared to that of the bulk glass in agreement with the reduction of T g after drawing. The fiber sample exhibits propagation losses of 0.2 dB/cm and super-broad luminescence reaching the value of 70 nm just in few cm of fiber length.
This compact and broad luminescence source is useful in several demanding applications such as LIDAR or optical coherence tomography. On the other hand, the spectral hole burning effect observed in the phosphate fiber with the length exceeding 3 cm could be interesting for ultra-high density optical data storage, processing, laser frequency stabilization, and portable frequency standards.
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